To compare differences between the wear behavior of two types of metal-free resin composite crown with a control after three years in clinical service. Sixty-six participants needing one to three posterior single crowns were fitted with 120 crowns. Abutment teeth were randomly assigned to three groups: 40 resin composite crowns with fiber-reinforced framework, 40 resin composite crowns without fiber-reinforced framework, and 40 metal-ceramic crowns. To assess wear, gypsum replicas of the crowns were fabricated and scanned with a 3D laser scanner at baseline and after three years. Differences between the groups were analyzed by use of mixedeffects regression models. Wear of resin composite crowns with fiber-reinforced framework (p=0.0043) and resin composite crowns without framework (p=0.0246) was significantly greater than in the metal-ceramic group. Wear of metal-free resin composite crowns after three years was significantly greater than that of metal-ceramic crowns, but the wear was still clinically acceptable.
INTRODUCTION
One goal of restorative measures in dentistry is to preserve or assemble stable occlusal harmony between maxilla and mandible. In this context, the wear rate is an important determinant for the long-term success of dental restorative materials. Generally, wear can be described as substance loss from surfaces affected by sliding motion between two materials 1) . In the oral cavity these phenomena depend on complex, multifactorial conditions and interactions which are affected by biological, chemical, and physical factors 2) . The amount of wear is also associated with a patient's nutrition and muscular forces 3) . However, in recent times ceramics or metal-ceramics are frequently used for rehabilitation of dentition. Besides good chemical properties and low wear, the esthetics of ceramics are excellent. In contrast, some disadvantages such as abrasiveness to opposing tooth structures [4] [5] [6] , chipping behavior 7) , invasive preparation design and costs have been reported. Resin composite restorations might be an alternative which is able to overcome those disadvantages. Nonetheless, early conventional composites showed dissatisfying wear rates of approximately 100 μm per year 8) . In contrast, newer composite materials used for fillings (class I and II restorations) have yielded promising results 9, 10) . Wear of resin composite depends in a special degree on its matrix and filler composition 10, 11) . Another aspect which influences wear of restorations is the processing technique. Voids and inhomogeneities can be minimized due to indirect manufacturing in a dental laboratory or use of specific polymerization appliances. Newer composite formulations have presented improved wear behavior. Laboratory studies found acceptable wear for full-coverage posterior composite restorations 12, 13) . However, a clinical study detected that wear of composite crowns was four times greater than that of metalceramic crowns 14) . Nevertheless, only little information of long-term wear behavior of full-coverage composite restorations is given by literature 15) . The rationale for this study was to review the wear of experimental micro-filled resin composite crowns and to rank it with a golden standard (metal-ceramic crowns). The objective of this randomized, controlled study was, therefore, to compare differences between the wear behavior of two types of metal-free resin composite crown with a control after three years in clinical service.
MATERIALS AND METHODS

Participants
This randomized controlled study was approved by the local ethics committee of the University of Heidelberg (no. L-317/2002).
Patients visiting the Department of Prosthodontics of the University of Heidelberg needing one to three single posterior crowns were recruited for this study. Inclusion criteria were antagonistic occlusion, the absence of any moderate/severe parafunctional tendencies, for example grinding or clenching, acceptable oral hygiene status, and comparable dietary (non-acid/ non-abrasive diet) preferences evaluated from patients' answers. Participants being under 18 years old and patients in need of anterior crowns were excluded. All participants received written information and signed an informed consent form. The study population of 37 females and 29 males received a total of 120 single crowns; the number of crowns ranged from one to three per participant. Mean age of participants (SD) was 46 (11.9) years.
Randomization
The abutment teeth were randomly assigned to three groups: resin composite crowns with a fiber-reinforced framework (group 1, n=40), resin composite crowns without a fiber-reinforced framework (group 2, n=40), and metal-ceramic crowns (control, n=40). Randomization was performed by lot, by use of three different lottery wheels, depending on the number of crowns participants received.
Treatment and laboratory procedures
Preparation was in accordance with a standardized treatment procedure, with a chamfer finishing-line design. Axial reduction was set at a minimum of 0.8 mm combined with occlusal reduction of at least 1.5 mm, following the anatomic form. Resin composite crowns were fabricated from an experimental microfilled urethane dimethacrylate material for single crowns (Trend HP; Ivoclar Vivadent, Schaan, Liechtenstein), either with (group 1) or without (group 2) a Vectris (Ivoclar Vivadent) glass-fiber framework, by one dental laboratory. The Trend HP composite contains approximately 80% anorganic fillers. The resin composite crowns without a framework were fabricated in the following manner: first the dies were sealed with three layers of insulation, each applied for 15 s (Insulating Pen; Ivoclar Vivadent), then the crowns were modeled with the resin composite material (Trend HP, Ivoclar Vivadent). Finally, the completed crowns were wetted with Chromasit Fluid (Ivoclar Vivadent) before polymerization. For the manufacturing of resin composite crowns with framework only two layers of insulation were applied on the working die. Woven glass fibres (Vectris; Ivoclar Vivadent) were adapted to the dies, deep-drawn in a vaccum appliance and shaped to a cap with the aid of a flow composite. After light curing for 10 min the caps were trimmed 0.5-1.0 mm above the finishing line using silicone burs. The frameworks were sandblasted with 50 μm alumina oxide and coated with a silane (Vectris wetting agent; Ivoclar Vivadent) for 60 s followed by 20 s light-curing. Both types of resin composite crowns were polymerized under heat and pressure in a polymerization appliance (Ivomat; Ivoclar Vivadent) for 10 min. The metalceramic crowns (control group) were made of a highgold alloy framework (IPS d.Sign96; Ivoclar Vivadent) and veneered with fluor-apatite glass ceramic (IPS d.Sign; Ivoclar Vivadent) in accordance with the manufacturer's instructions 14, [16] [17] [18] . The finished crowns were tried in the patient. If required, adjustments were made and the crowns were re-polished. Before definitive cementation, material strength was measured with a digital caliper. Minimum occlusal dimension was set to 1 mm. Metal-ceramic crowns were attached with a hybrid cement (ProTec Cem; Ivoclar Vivadent), the resin composite crowns were luted with a resin cement (Variolink II; Ivoclar Vivadent). All materials were used in accordance with the manufacturers' instructions. After cementation every participant was instructed in oral hygiene.
Follow-up
Patients were asked to attend the Department of Prosthodontics two weeks after insertion of crowns, for baseline examination, then after one, two and three years for follow-up. One and two year data are published elsewhere 14, 18) . All follow-up investigations included assessment of plaque and gingival bleeding indices, static and dynamic occlusion, wear of remaining teeth, and kind and materials of opposing teeth. Wear of remaining teeth was classified as follows: no visible wear/ visible anterior wear limited to enamel/visible anterior and posterior wear limited to enamel/visible anterior and posterior wear with little dentin exposure/massive dentin exposure. Occlusal contacts were identified by use of Shimstock foil (8 μm foil; Hanel; Coltene Whaledent, Altstätten, Switzerland), marked by use of articulating paper (12 μm articulating foil; Hanel; Coltene Whaledent), and documented by digital photography (the detailed assessment procedure is described elsewhere 14) ). In addition, at both appointments a postinsertion impression was taken with a polysiloxane material (Flexitime Easy Putty and Flexitime Correct Flow; Heraeus Kulzer, Hanau, Germany). Class IV gypsum replicas (Fujirock Pearl White; GC Europe, Leuven, Belgium) were fabricated after a minimum reset time of 15 min.
Wear measurements
Gypsum replicas generated from impressions taken at baseline and during follow-up investigations were digitized three-dimensionally by use of a 3D laser scanner, see Fig. 1 (Willytec, Munich, Germany). This approach has been considered suitable for in vivo wear measurements 19, 20) . The mean inaccuracy of the gypsum replicas is approximately 8 μm 21) . Total wear (over the surface) was calculated by use of a surface-analysis program (Scan 3D, Version 1.6), set to 400 steps and a step distance of 30 μm, with matching software (Match 3D, Version 2.3 with 5800 iterations and a minimum of 800 points). Baseline and follow-up 3D images were superimposed, with marked points in non-essential areas serving as references for superimposition. Severity of wear was calculated by use of a computer algorithm. Standard deviation between baseline and follow-up images of 20 μm or less was accepted as a suitable match 10) . Wear on contact areas (OCA) was determined by aligning the contact points of the 3D laser scan image with the marked contact points of the digital photograph. Practically, the contact areas (regions of interest) were deselected in the follow-up 3D image. OCA wear was then calculated by superimposition of the baseline and follow-up 3D images with the aid of the same algorithm which was used for the assessment of the total wear rate. All matching procedures were performed by a dentist who was unaware of group membership.
Statistical methods
Statistical analysis was performed by use of SPSS 19.0 (IBM Corporation, New York, USA) for descriptives and SAS (Version 9.2; SAS Institute Inc. NC, USA). For assessment of factors affecting wear of the crowns mixed effects regression models were calculated each for total and OCA wear (dependent variables). Tested effects were group membership (crown material), age, gender, abrasion of residual teeth, material of opposing teeth, static occlusion, dynamic occlusion (antagonistic contacts), and surface gloss. To achieve comparable conditions among patients with 1, 2, or 3 crowns, the single patient was included in models as a random effect. In addition, wear was analyzed by use of descriptives and visualized by use of box-plots. The level of statistical significance was set to p<0.05. Fig. 2) .
RESULTS
During
The mixed effects regression models revealed that total vertical wear after three years was significantly lower in the control group than in the two test groups (group 1: p=0.0043; group 2: p=0.0246). Statistical analysis showed that age, gender, abrasion of residual teeth, material of opposing teeth, static occlusion, dynamic occlusion, and surface gloss had no significant effect on total wear behavior (detailed results are presented in Table 1 ). Mean wear (SD) of the occlusal contact areas (OCA) was 131.4 (102.81) μm in group 1, 104.1 (61.9) μm in group 2, and 85.8 (74.3) μm in the control group (see Fig. 2 ). Compared with the control group, occlusal wear was significantly greater for group 1 (p=0.0032) but the difference between group 2 and the control group was not statistically significant. Mixed effects regression analysis showed that distinctive abrasion of residual dentition (posterior or anterior teeth: p=0.0326; posterior and anterior teeth: p=0.0431) had an effect on wear behavior (results for occlusal wear are displayed in Table 2 ).
DISCUSSION
Wear of restorative materials and opposing teeth is a very important aspect of reconstruction or preservation of a stable occlusal relationship between maxilla and mandible 22) . Less wear of restorations is, moreover, important for longevity. This randomized controlled study found occlusal wear of resin composite crowns at contact areas was approximately 120 μm after three years. Compared with OCA wear of resin composite crowns after one year and two years, annual wear severity seems to be linear, with wear of 40 μm 14, 18) . These findings are in agreement with those from another clinical study in which wear of approximately 125 μm was observed after two years 23) . Taking into consideration that median wear of human enamel is 30-40 μm per year 24) these findings seem acceptable. Clinical studies have, however, reported occlusal wear of resin composite crowns four times greater than for metal-ceramic crowns 18, 25) . The 3-year results of our study show total wear only twice that for metal-ceramic crowns. It should be borne in mind that the wear rate of resin composite restorations depends on matrix and filler composition 10, 11) . The resin composite used in this study was an experimental microfilled urethane dimethacrylate material which was specifically designed for single crowns. Additionally, the polymerization under heat and pressure with the aid of a specific polymerization appliance may has reduced the wear severity due to elimination of voids and inhomogeneities during the polymerization process. There is a lack of clinical studies on full coverage composite crowns which limits the comparison with other composite materials. However, a previous study which used a ceramic-filled resin composite (Artglass; Hereaus Kulzer, Hanau, Germany) for fabrication of single crowns found a median total wear of 20 μm per year which was little higher than total wear detected in this study 26) . Interestingly, no significant difference between OCA wear of the resin composite crowns without framework and metal-ceramic crowns was found in this investigation, whilst there was a statistical difference for total wear between these both groups (and also for OCA wear after 2 years 18) ). This can be maybe explained by the fact that the contact areas tended to be more plane over time and the natural residual teeth saved the restoration tested from further selective progressive wear caused by attrition where as the total wear was regularly affected by abrasion over the surfaces (intermediate agents; e.g. abrasive food). This is supported by the significant impact of abrasion of residual teeth. However, this effect occurs comparable in all groups. Another interesting finding of this study was that distinctive abrasion of residual posterior or/and anterior teeth had a significant effect on occlusal wear behavior. One might argue that patients with abrasion of teeth maybe show mild grinding tendencies which can cause greater wear of restorations and enamel.
It should also be noted that wear in group 1 was slightly, even tough not significantly, higher than in group 2. In this context, one cannot exclude that peripheral fibers had been partially exposed to oral cavity in some cases due to polishing or wear over time, although embedded in veneering composite. This might has caused greater wear of the surface due to delamination. The higher standard deviations in this group affirm this assumption. Other studies have, furthermore, shown that ceramics or ceramic veneers cause greater wear of opposing dentition than composite materials 5, 6) . This is an advantage of composite restorations. It must be kept in mind that these effects were not considered in this study. It must, however, be mentioned that a total of 25 complications occurred among the groups. These crowns had to be excluded from further statistical evaluation. The number of drop-outs also suggests caution when interpreting and generalizing these findings. Our results do, however, seem to be of value because no other randomized controlled trials have compared wear of resin composite crowns with PFM crowns. One might also mention the method of measuring wear by use of impressions, replicas, and 3D Laserscan. Although a clinical study has shown that the three-dimensional laser digitizing technique used in this study is a highly effective means of determining the wear of dental restorations 19, 20) the technique also suffers from failures caused by the inaccuracy of the impression material, the gypsum replicas, and, finally, the 3D laser scan. In the literature, inaccuracy of approximately 10 μm has been reported for this method 19) . This inaccuracy is comparable for all three groups, however. It must also be remembered that patients received different numbers of crowns, from one to three, depending on indication. A potential uprising effect is included in the mixed regression models by setting patient effect as a random effect.
A strength of this study was the randomized and controlled study design. One might also remark that the investigator performing wear measurements was unaware of group membership.
CONCLUSION
Within the three-year study period, mean total wear of resin composite crowns with and without a fiberreinforced framework was significantly greater than for metal-ceramic crowns. Wear of resin composite crowns was, however, still within a clinically acceptable range.
